In order to accurately diagnose bacterial kidney disease caused by Renibacterium salmoninarum in steelhead trout, kidney tissue from experimentally infected fish was evaluated using a commercially available enzyme-linked immunosorbent assay (ELISA) test kit, fluorescent antibody (FA) testing, bacteriologic culture, and histopathology.
Bacterial kidney disease (BKD), caused by Renibacterium salmoninarum, is one of the most devastating diseases of salmonid fishes in the United States and other countries. 14, 16, 31 Control measures have been investigated to limit the spread of the disease; 12 however, most have had limited success. 12, 22 In order to successfully control this disease, there is a need for a battery of diagnostic tests that can detect the disease during the different phases of infection. Some comparative diagnostic studies have been performed, 10, 17, 24, 26, 27, 29 but other studies are necessary to evaluate the tests capable of diagnosing BKD. The purpose of this study was to evaluate a commercially available enzyme-linked immunosorbent assay (ELISA) test kit, a fluorescent antibody (FA) test using a commercially available antibody, b bacteriological culture, and histopathologic examination in steelhead trout (Oncorhynchus mykiss) at 3 different levels of infection with the causative agent of BKD, R. salmoninarum.
Materials and methods
Fish, husbandry, and water quality. Seventy-five juvenile steelhead trout were randomly assigned to 1 of 4 Living Streams tanks, c using a flow-through water supply system. Tank 1 contained 20 fish, tanks 2 and 3 had 18 fish each, and tank 4 had 19 fish. Fish were acclimated to these tanks From the Animal Disease Diagnostic Laboratory, Purdue University, West Lafayette, IN 47907-1175 Received for publication January 11, 1995. for 19 days prior to inoculation. Mean weight and length of fish at the day of inoculation were as follows: tank 1 = 106.40 gms, 21.9 cm; tank 2 = 99.76 gms, 19.80 cm; tank 3 = 100.50 gms, 19.90 cm; and tank 4 = 111.30 gms, 20.55 cm. Fish were fed to satiation twice daily (once in the morning and once in the evening) with salmon starter diet. d The diet had a guaranteed analysis of 55% protein and 15% fat. The fish were exposed to a photoperiod of 16 hours of light and 8 hours of dark per day. Water temperature, dissolved oxygen (DO), nitrite, and ammonia in each tank were determined twice weekly. Water quality parameters (DO, nitrite, ammonia) were evaluated using a HACH test kit. e Water temperature in all tanks was maintained at 12 C throughout the experiment. Dissolved oxygen of all tanks ranged from 10.5 to 13.8 mgliter, pH ranged from 7.3 to 7.4, whereas nitrite and ammonia did not exceed 0.034 and 0.55 mg/liter, respectively.
Renibacterium salmoninarum.
A stock culture f of R. salmoninarum was maintained in KDM-2 broth. 13 Bacteria for inoculation were grown in KDM-2 broth for 20-30 days at 15 C and concentrations determined using Mcfarland standards g and parallel plate counts. The broth from the grown culture was collected, filter sterilized, and used as supplement for primary isolation.
Experimental design. On day 0 (day of inoculation), all fish were anesthetized with Finquel, h weighed, measured, and intraperitoneally injected with 0.15 ml of the following: tank 1 -saline control; tank 2-1 x 10 10 organisms/ml; tank 3-1 x 10 8 organisms/ml; and tank 4-1 x 10 6 organisms/ml.
Clinical findings and necropsy procedures. Fish were observed twice daily for gross lesions and clinical signs of disease. Prior to necropsy, each fish was weighed and measured.
All fish from tank 2 were euthanized and necropsied 14 days postinfection (PI). Fish from tank 3 were euthanized and necropsied 22 days PI. Fish from tanks 4 and 1 were euthanized and necropsied on days 34 and 35 PI, respectively. At necropsy, tissue sections of gill, liver, spleen, skeletal muscle, skin (injection site), and kidney were fixed in 10% neutral buffered formalin solution for histopathology. Tissue sections of kidney were collected for ELISA and FA testing and frozen at -20 C until the tests were performed. Tissue samples of kidney were also collected for bacteriologic culture of R. salmoninarum.
ELISA testing. The ELISA tests were performed using the K-Dtect Renibacterium salmoninarum test kit. a This kit includes anti-p57 monoclonal antibody-coated multiwell plates and all necessary reagents. ELISA testing was performed as previously described. a Optical densities were obtained using a computer-coupled ELISA reader i with a lamp wavelength of 405 nm. A standard curve was calculated using the supplied controls (low, middle, and high range), and the results were extrapolated from the standard curve. Each sample was tested in duplicate and the results were averaged. A value of greater than 10 ng/ml was considered a positive sample according to the manufacturer. a Bacteriological procedures. Tissue samples of kidney, collected at necropsy, were macerated in a stomacher. j Primary isolation of R. salmoninarum was performed by inoculation of macerated kidney tissue onto KDM-2 media. After inoculation, culture plates were incubated up to 30 days at 15 C. During incubation, each plate was examined weekly and all pinpoint bacterial colonies were subcultured onto KDM-2 agar slants. These cultures were incubated at 15 C for an additional 10-30 days. Identification of isolates were confirmed to be R. salmoninarum based on colony morphology, gram staining, and direct FA examination.
Fluorescent antibody testing. Tissue samples of kidney, collected at necropsy, were macerated in a stomacher. j Ten microliters of the homogenate were transferred to glass slides, air dried, and fixed with acetone at 60 C for 10 min. Ten microliters of a 1:40 dilution of fluorescein isothiocyanate (FITC)-conjugated rabbit anti-R. salmoninarum serum b were added to the slides and allowed to react for 10 min at 25 C. Slides were rinsed, washed 2 min in phosphate-buffered saline, and air dried. Slides were cover-slipped and examined under oil immersion. A light fluorescence microscope with a mercury vapor lamp, and 515-nm barrier filter was used. Test samples were compared against known negative and positive controls, and the results recorded as "positive" or "negative."
Histopathology. Tissue sections of gill, liver, spleen, skeletal muscle, skin, and kidney, which were fixed in 10% neutral buffered formalin solution, were processed and embedded in Paraplast. k Five micron sections were stained with hematoxylin and eosin (HE) using previously described methods. 32
Results
Fish in tanks 2 and 3 had a decreased feeding response by 5 days PI. Fish in tank 2 were anorexic by day 7 PI and in tank 3 by day 9 PI. Fish in these 2 tanks exhibited loss of fright response and were listless and lethargic by day 10 PI. The anorexia observed in these 2 groups continued throughout the experimental period. Fish in tanks 1 and 4 did not exhibit a decreased feeding response, listlessness, or lethargy and did maintain a fright response.
Fish in tank 1 had the highest average daily weight gain of 0.88 gm/day. Fish in tank 3 had the lowest weight gain, with an average of only 0.56 gm/day, whereas fish in tanks 2 and 4 had average daily weight gains of 0.66 and 0.77, respectively.
The results of the FA tests, ELISA tests, and bacterial cultures for R. salmoninarum are summarized in Table   1 . All kidney samples for FA, ELISA, and culture were negative for fish from tank 1. Fluorescent antibody tests and culture were positive for all fish from tanks 2 and 3. ELISA testing was positive for all fish from tanks 2 and 3 with the exception of 2 fish, 1 (5.5%) each from tanks 2 and 3. A total of 21 of 30 (70%) fish in these 2 tanks had ELISA readings greater than 50 ng/ml of p57 antigen, and a total of 9 of 36 (25%) of fish in these 2 tanks had ELISA readings between 30 and 49 ng/ml. Only 4 fish (22%) from tank 3 had ELISA readings ranging from 11.6 to 27.5 ng/ml. Fish from tank 4 all had negative FA results, with only 1 fish (5.2%) being positive (> 50 ng/ml) by ELISA, whereas bacterial culture was positive for 16 of the 19 fish (84%).
Gross lesions observed at necropsy were limited to focal dermatitis and myositis of the skin and lateral abdominal musculature at the site of injection. These lesions were observed in 11 fish (6 1%) from tank 2, 12 (66%) fish from tank 3, and 2 fish (10.5%) from tank 4. No skin or muscle lesions were observed in fish from tank 1. Microscopically, these lesions were characterized by a marked inflammatory infiltrate within the dermis as well as the perimysium and endomysium. Inflammatory infiltrates were composed primarily of histiocytes with lesser numbers of lymphocytes. Myocytes had swollen fibers with dissolution of cross striations of some myofibers and rare mineralization of myofibers.
Histologically, renal tissues from all infected groups had lesions indicative of BKD. 38 Renal lesions were limited to a histiocytic interstitial nephritis characterized by large aggregates of histiocytes randomly dispersed throughout the renal interstitium (Fig. 1) . These histiocytic aggregates were distinct and were nonencapsulated, blending into the adjacent renal interstitial tissue. Histiocytic aggregates, in many instances, greatly expanded the renal interstitium but were not associated with necrosis of renal parenchyma. No differences in degree of severity, location, or number of aggregates could be observed between the 3 different treatment groups. Melanomacrophages were equivocally increased in some tissue sections of kidneys of * Expressed as ng of p57 antigen per ml of tissue sample. A value of greater than 10 is considered a positive sample, according to the manufacturer. † A positive value (+) indicates that R. salmoninarum was recovered from the kidney sample. A negative value (-) indicates that R. salmoninarum was not recovered from the kidney sample. infected fish; however, no differences were observed in the number of renal melanomacrophages between control and infected fish. Bacterial organisms were not observed with HE staining of any sections of the infected renal tissue. Renal glomeruli and tubules, although markedly separated in many instances due to the histiocytic inflammatory infiltrate, were histologically normal in all infected fish. Renal tissues from fish in tank 1 were histologically normal.
Livers of fish from tanks 2 and 3 exhibited mild perivascular cuffing of portal vessels by histiocytes. Rarely, small histiocytic aggregates were observed within hepatic sinusoids. Livers of fish from tanks 1 and 4 were microscopically normal. Splenic tissues of fish from tanks 2 and 3 exhibited mild to moderate lymphoid depletion, with histiocytic cuffing of ellipsoids commonly observed. The capsules of the spleen of some fish from tanks 2 and 3 had focally extensive mesothelial hypertrophy, indicative of serositis (Fig.  2) . Splenic tissues of fish from tanks 1 and 4 were morphologically normal. Gill tissues of fish from all 4 tanks were morphologically normal.
Discussion
The clinical findings of lethargy, minimal weight gains, loss of fright response, and anorexia are similar to other naturally occurring and experimental infections with R. salmoninarum which have been report-ed. 36 Additional reported 3,36 clinical findings include: loss of coordinated swimming movements, erratic swimming behavior, inverted swimming, weight loss, and emaciation. These clinical findings were not observed in this study, but this was most likely related to the time and dose-dependent nature of the infection.
The FA and ELISA tests had no false-positive results, because all samples tested from tank 1 were negative by these testing methodologies. The FA and ELISA test results were similar to those of bacteriologic culture for tanks 2 and 3, with the exception of 1 sample in each of the 2 tanks, which were negative using the ELISA test. This negative result may be due to inappropriate sampling of kidney tissue or bacterial antigens not being present in the sample. The FA and ELISA tests were negative in tank 4, indicative of insensitivity of detection of bacterial antigen when compared to bacteriologic culture. The 1 positive ELISA result was very high (> 50 ng/ml), and may have been due to biological variation because of the distribution of the organisms within the renal sample.
Gross and microscopic renal lesions of necrosis and/ or granulomas have been reported with both naturally occurring and experimental BKD. 5, 7 The absence of necrosis was most likely due to the time and dosedependent nature of infection with R. salmoninarum. In this study, fish inoculated with the higher doses were euthanized in the acute stages of the disease prior to the onset of granuloma formation and subsequent necrosis. Although histiocytic interstitial nephritis has been commonly observed as a microscopic lesion of BKD, 30, 38 this lesion is not pathognomonic for this disease, and diagnosis of this disease should be made based on histopathologic evaluation of kidney as well as other diagnostic techniques. Glomerulonephritis has also been reported as a feature of this disease in chronic experimental infection 30 of trout with R. salmoninarum; this was not observed in this study, probably due to the short duration of the infection.
The gross lesions of dermatitis and myositis in this study were due to a localized bacterial infection of R. salmoninarum at the site of inoculation. Others have reported dermatitis ("spawning rash") as well as other gross lesions, including ascites and unilateral or bilateral exophthalmos, which were not observed in this study. 3, 6, 34 The presence of lesions within the spleen and liver were compatible with lesions associated with a septicemia. This is not surprising, since the fish were inoculated with an intraperitoneal injection. Further studies should determine the pathogenesis of BKD and elucidate the development of the septicemia.
To date, several procedures have been used to diagnose BKD. Bacterial cultures have been made more effective with the identification of the proper incubation time 4 as well as the development of KDM-2 medial 3,18, 35 and has been used routinely for confirmation of this infection. Fluorescent antibody testing has been well established 2, 8, 9, 11, 19 and is used commonly as a screening tool to determine if fish are infected with BKD. Polyclona1 23, 25, 33 and monoclonal antibodies 1 used in conjunction with ELISA testing 20,37 have been employed in recent years. Other promising new diagnostic procedures used include immunohistochemistry, 15,21 immunoenzyme assays, 26, 28, 37 and western blot analyses. 17 One advantage of bacterial culture of R. salmoninarum is its sensitivity in detecting low numbers of organisms. However, the disadvantages include cost of bacteriologic media, necessity of a nurse broth, technical expertise, refrigeration equipment, and a very slow response time (up to 12 weeks for positive results). The FA and ELISA tests are much more rapid, but both require additional equipment, such as a fluorescent microscope or an ELISA reader, as well as technical expertise.
Based on the results of this study, bacterial culture of R. salmoninarum using KDM-2 media supplemented with nurse broth was the most effective method of diagnosing BKD. The FA and ELISA tests were also very effective in the diagnosis of this experimentally produced disease at the 2 highest inoculation doses. Therefore, FA and ELISA tests may be very useful in screening naturally occurring cases of BKD, if large numbers of bacterial organisms are present within the kidney tissue. However, in the case of infection with low numbers of bacterial organisms, multiple attempts of FA on each sample may be necessary to increase sensitivity. Histopathology alone provides a presumptive diagnosis but is not specific for BKD and should be augmented with either bacterial culture, FA tests, ELISA tests, or other antigen detection methods. 
